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INTRODUCTION
Marine regressions and transgressions following sea level changes during the Quaternary period allowed the formation of beach ridges, dunes and interdunes along the Brazilain coast (Martin et al. 1997) . These depositional features were formed during the Late Pleistocene and Holocene epochs, forming extensive sandy coastal plains, with major deposition of mature quartz sands and local contri butions of fluvial sands, especially near large river estuaries (Pereira 2003) . On these sandy coastal plains we find the Restinga ecosystem (Araujo et al. 1998 ) occupying nearly 80% of the Brazilian coastal fringe, or about 7110 km (Suguio and Tessler 1984) . This ecosystem is associated with the Atlantic Rain Forest biome (Coutinho 2006) .
The topographical differences among the beach ridges, dunes and interdunes in the Restinga are associated with different groundwater levels, resulting in varying pedological conditions, which can, among other factors, lead to the heterogeneity of vegetation types in the Brazilian Restinga.
According to ter Braak and Prentice (1988) , biotic communities show greater development in the narrow confines of their optimum, varying with the existence of physical gradients. Among the abiotic factors, physical, chemical and soil drainage characteristics have been widely cited as important factors for the distribution of plant species in communities of tropical environments (Lathwell and Grove 1986 , Oliveira-Filho et al. 1994 , Clark et al. 1999 , Budke et al. 2007 , FerreiraJunior et al. 2007 ). Thus, the various interactions between abiotic factors and their responses in species composition result in high environmental heterogeneity, determining the existence of a mosaic of habitats (Machado et al. 2008, Petty and Douglas 2010) .
Soil physical, chemical and hydrological conditions also impose variations in species richness of a given area (Sollins 1998), acting on species selection in such a way that local richness varies depending on the degree of influence of environmental variables (Oliveira-Filho et al. 1994 , Ivanauskas and Rodrigues 2000 , Budke et al. 2007 ). However,our knowledge on the relationship between vegetation characteristics and soil factors is patchy, and further studies focusing on indicator species (Jacomine 2004) will be important for a better understanding of Restinga ecosystems, since none of them have been carried out in Brazil.
Thus, we aimed to determine the relationship between vegetation variables, such as composition, abundance and species richness, and soil attributes along a forest gradient in a Restinga.
MATERIALS AND METHODS

STUDY AREA
The study area is located in Barra do Jucu, Espírito Santo State, Brazil. The Jacarenema Natural Municipal Park (PNMJ) has an area of 307 hectares (IPEMA 2005) , and is located near coordinates 20°26'25''S and 40°18'45''W ( Figure 1 ). The climate is classified as Aw tropical by Köppen, with hot, wet summers and cold, dry winters.
The forest sites are located on the left bank of the Jucu River, forming an environmental gradient ranging from interdune (River Jucu site) to the innermost dune facing the continent. The varying topographic condition creates different levels of flooding, caused by seasonal floods of the Jucu River, with an accompanying soil gradient (Table I) 
VEGETATION DATA
The floristic composition of shrub and tree species was determined in 80 plots (Mueller-Dombois and Ellenberg 1974), 5x25 m (125 m 2 ), totaling one hectare of sample area. The plots were equally distributed in the four forest formations, i.e., 20 plots for each forest type, with a minimum spacing of 2 m apart. We aimed to represent the core areas of each forest when allocating the plots in the phytocoenoses. The plots were arranged in each physiognomy parallel to the Jucu River bank. We recorded shrub and tree species with diameter at breast height (1.30 m) ≥ 2 cm. The palms Bactris setosa and Bactris vulgaris have a caespitose growth habit, forming clumps. The former species occurs in wetlands in large populations (Reis 2006) , rendering the separation of each individual virtually impossible. Thus, for this study each stipe was considered to be an individual.
The plant material was determined by consulting the CVRD Herbarium (Vale do Rio Doce), the VIES Herbarium (Universidade Federal do Espírito Santo) and the MBML Herbarium (Museu de Biologia Prof. Mello Leitão). Consultations were also made of specific literature and material was sent to specialists. Fertile specimens were deposited in the collection of the VIES Herbarium (Universidade Federal do Espírito Santo). The species were classified in their respective families according to Angiosperm Phylogeny Group II (APG II 2003) .
SOIL SAMPLE
Soil samples were collected for chemical and physical analysis taking three replicates of surface soil (0-10 cm) in each sample unit, for a total of 40 samples. The samples were air-dried and sieved with a 2 mm diameter mesh. These samples were analyzed in the Soil Analysis Laboratory, Department of Soils, Universidade Federal de Viçosa. The soil and drainage classes of each physiognomy were classified according to the Brazilian System of Soil Classification (EMBRAPA 2006) .
DATA ANALYSIS
Differences in species richness and chemical and physical soil attributes between the four forests were tested by the analysis of variance (one way ANOVA). Subsequently, we used the Tukey test to determine significant differences between areas. In addition, we employed the Pearson linear correlation "r" to check the ratio of species increase with variations in fertility (Mg, P, k, Ca), acidity, aluminum content and soil drainage. Shapiro-Wilk (W) tested all the data distribution for normality. To test the use of variance (ANOVA), in addition to the normality test we tested the homoscedasticity of Levene.
To investigate the differences in the species richness of each physiognomy a rarefaction curve was employed (Colwell and Coddington 1994, Magurran 2004) , and adjustments were made using the Mao Tau index with standard deviations RICHNESS AND ABUNDANCE OF TREE SPECIES IN RESTINGA FORESTS at 95% confidence. This analysis was performed in the EstimateS 8.0 program, employing 100 randomizations to generate curves (Colwell 2006) .
To analyze correlations between the environmental gradients (soil and drainage) and vegetation we used the Canonical Correspondence Analysis (CCA) (ter Braak 1987) . For this analysis, we grouped vegetation data at every two plots. We used only species that had values greater than or equal to five individuals sampled. These data were correlated with eight chemical variables of soil: pH in H20, available phosphorus (P), exchangeable Calcium (Ca), Aluminum (Al), Sodium (Na), Magnesium (Mg), Potassium (k) and Organic Matter (MO). The soil physical attributes used for the CCA were the amounts of coarse sand, fine sand, silt and clay. The species were also correlated with drainage classes for each vegetation type. The program PC-ORD for Windows version 4.14 generated analyses and the ordered CCA axes (McCune and Mefford 1999). To check the significance level of the results given by the main axis of the canonical ordering, we employed the Monte Carlo permutation (ter Braak 1988 (ter Braak , 1994 .
To verify the relationships between species and environmental variables expressed by each forest type, we used the Indicator Species Analysis (Dufrêne and Legendre 1997) and the calculations were processed by PC-ORD for Windows version 4.14 (McCune and Mefford 1999). According to Machado et al. (2008) , this method combines information on the abundance of a species in a certain group of sampling units, revealing information about the confidence of occurrence of this species in the same habitat. The results are expressed by the observed indicator value (OIV), in which the significance of data is given by the permutation test of Monte Carlo. Thus, only one species is considered an indicator of habitat when it has the highest OIV, and the, Monte Carlo test is significant at p ≤ 0.05 (Machado et al. 2008) .
RESULTS
PHYSICAL ENVIRONMENT
The chemical and physical soil variables showed significant differences among soil classes in the four forest types (Table II) . However, the major changes were observed between the Humusalluvial Spodosols (Transition Forest) compared to Melanic Gleysols (Inundated Forest) and Thiomorphic Histosols. The Quartzarenic Neossols were very close to Spodosols in terms of physical and chemical characteristics.
Soil drainage classes varied significantly between all formations (ANOVA, P <0.001), reinforcing the importance of flooding in the sedimentary environment. The pH values were lower for the formations with greater influence of groundwater, following the highest values of exchangeable Al in these formations. Following the same pattern, the soil drainage gradient showed increasing concentrations of organic matter, sodium, potassium, magnesium, silt and clay as the soil becomes more subject to flooding. The variables with the highest values in Well-drained Forests were pH and coarse sand. However, all soils studied are dystrophic, with a very low fertility status.
The soils of Floodplain Forests and Inundated Forest showed higher levels of nutrients, with higher percentages of silt and clay; they were less leached than the sandier soils of the Well-drained uplands. Organic matter in these formations also exhibited significantly higher values when compared to the Well-drained Forest. This condition depends on the hydromorphic environment, since soil reduction and low oxygen condition slows downs organic matter decomposition.
RICHNESS ANALYSIS
In four forest types of PNMJ, 3804 individuals were sampled and 132 species identified. The Transition Forest had the greatest richness, with 82 species, followed by Well-drained Forest (74), Floodplain Forest (47) and Inundated Forest (29). LUIz F.S. MAGNAGO, SEBASTIÃO V. MARTINS, CARLOS E.G.R. SCHAEFER and ANDREzA V. NERI All forest formations showed significant differences in species richness (Tukey, p <0.01), except Well-drained Forest and Transition Forest, which showed no significant differences (Tukey test, 95% confidence). Corroborating these results, the rarefaction curves showed similar results reported by the Tukey test (Figure 3 ).
Changes in species richness among Restinga forests had statistically significant negative correlation with magnesium (r=-0.5822, p=0.0001), phosphorus (r=-0.5739, p= 0.0001), potassium (r=-0.6418, p=0.0001), calcium (r=-0.357, p=0.0001), sodium (r=-0.641, p=0.0001) and aluminum (r=-0.441, p=0.0001), while acidity (r=-0.641, p=0.0001) had significant positive correlation with soil drainage (r=0.654, p=0.0001).
VARIATION IN ABUNDANCE AND ANALYSIS OF INDICATOR SPECIES
For the ordination analysis (CCA) and the analysis of indicator species, 64 species were evaluated from a total of 132 due to the inclusion criteria established in the methodology (Table III) . The eigenvalues found in the ordination analysis of chemical and physical variables of soil for the three axes were 0.848, 0.326 and 0.248, for axes 1, 2 and 3, respectively (Table IV) . The Pearson correlation was high for all three axes of the CCA (Table IV) . Supporting this result, the Monte Carlo permutation test indicated that the abundance of species varied significantly depending on the environmental variables. The eigenvalue higher than 0.5 in the first axis for the CCA is considered high (ter Braak 1995), indicating the existence of a long gradient with high species turnover in the direction of the gradient of soil and flooding.
The soil chemical variables with higher correlation on the first axis were organic matter, phosphorus, acidity, sodium, magnesium, potassium and aluminum (Table IV) . The soil physical variables with the highest correlation were drainage, sand, clay and silt. Fine sand showed low correlation values, but it has influenced the separation of species and plots in the Humic Gleisols. These results show the existence of a gradient from right to left in the representation of the CCA, i.e., following Thionic Organosols from topographically lower areas (interdune), with higher organic matter content, exchangeable magnesium, sodium and potassium. Humic Gleisols are also in the interdune, but are located at a topographically higher position compared to the former, so it is relatively less subject to flooding. It showed higher concentrations of phosphorus and aluminum. According to the gradient proposed by the ordination, the Humic Spodosols follow, situated at the dune border, with moderate drainage, intermediate concentration of nutrients and increasing coarse sand content. Quartzarenic Neossols are located on the upper dune with well-drained soils, moderately acid and lowest fertility status.
The results obtained with the CCA ordination suggest that the abundance of species is related to variations in physical and chemical attributes of soils ( Figure 5 ). The test of indicator species using the 64 species analyzed in the CCA revealed that 42 species had a significant indicator value for some of the four types of forest soil studied (Table V) . These results consistently demonstrate that edaphic factors control the distribution of species in coastal Restinga forests.
Plants associated with poorly drained soils, with higher percentages of silt and clay, salts and organic matter (Thionic Organosols) are Bactris setosa, Qualea cryptantha, Alchornea triplinervia, Calophyllum brasiliense, Sapium glandulatum, Myrcia racemosa, Inga laurina and Eugenia sp. This last species was identified as a new species (e.g. M.E.G. Sobral, unpublished data). In our area this species is restricted to the Inundated Forest, showing high abundance values and classified as an indicator species in this environment at Jacarenema Restinga.
On poorly drained, extremely acidic soil, with higher percentages of fine sand and with higher concentrations of phosphorus and aluminum (Humic Gleisols), typical species are Geonoma schottiana, Nectandra oppositifolia, Symphonia globulifera, Alibertia myrciifolia, Cyathea phalerata, Henriettea saldanhaei, Sloanea guianensis Dendropanax selloi and Myrcia brasiliensis. On the highest dune segment with excessively drained soils, lower soil acidity, lower fertility and higher percentages of sand (Quartzarenic Neossols), the most abundant species were Eugenia rostrata, Ocotea lobbii, Campomanesia guazumifolia, Pouteria coelomatica, Psidium cattleyanum, Zollernia glabra, Chamaecrista ensiformis and Ocotea notata, amongst others.
DISCUSSION
The overall soil chemical fertility increased from topographically higher areas to the bottom of the landscape, having a positive relationship with increased soil flooding. Thus, this distribution is a typical pedological catena, or soil toposequence (Resende et al.1988 , Sobieraj et al. 2002 .
Variations in physical and chemical characteristics of surface soils are related to the sedimentary nature associated with different drainage conditions, considering that the most marked changes were related to different levels of flooding to which each forest environment is submitted (Jacomine 2004 , EMBRAPA 2006 . This condition can be further enhanced by some variation in chemical and physical properties of the soil between the two upland forests since both have the water table far from the surface, so that there is little contribution of groundwater to soil-surface characteristics. However, the levels of phosphorus, aluminum, pH and groundwater height were significantly different between these formations.
It is noteworthy that all forest tracts analyzed are closely related to distinct soils, and therefore significant differences in chemical, physical and morphological properties can be expected. Such differences are only revealed when soils are analyzed in greater depths (Magnago et al. 2010) .
The great pedological heterogeneity observed between plots allocated on Thionic Organosols and Humic Gleisols probably occurred due to microtopographic variation of the floodplain, causing a patchy distribution of plants and flooding in the same area. Micro-topographic variation has been reported in other studies of floodplain forests in the Tropics (Ivanauskas et al. 1997 , Toniato et al. 1998 , Ivanauskas and Rodrigues 2000 , and this is typical of the sedimentary floodplains.
The ecotonal character assigned to the Transition Forest is due to the occurrence of species found in flooded areas and in well-drained soils. This transitional floristic composition is matched by intermediate soil characteristics, both in terms of nutrient and groundwater level.
Although species richness in Transition Forest did not show values significantly different from the Well-drained Forest, the absolute result (82 species) agrees with Ashton (1990) and Tilman (1986) , who reported that environments with intermediate nutrient availability have greater Table IV . pH=acidity in water, Na=sodium, Mg=Magnesium, k=Potassium, P=Phosphorus; Al=Aluminum; MO=Organic matter.
species richness values than those at the extremes of nutrient availability. In our case, differences in soil characteristics and flooding may be not so great as to provide extreme variability in the species richness.
Waterlogging has been considered a determining factor in selecting plant species Rodrigues 2000, Budke et al. 2007 ), which was confirmed by several studies that showed that species richness in wetland environments is very different from dry-land areas (Sugiyama and Mantovani 1994 , Toniato et al. 1998 , Romagnolo and Souza 2000 , Sztutman and Rodrigues 2002 . Several authors also stress that soil acidity and exchangeable aluminum are the LUIz F.S. MAGNAGO, SEBASTIÃO V. MARTINS, CARLOS E.G.R. SCHAEFER and ANDREzA V. NERI (Lathwell and Grove 1986 , Sollins 1998 , Grime 2001 .
Exchangeable sodium is commonly high in flooded environments near to the beaches which also, according with (Larcher 2000) , turns out to be limiting to plant species. Considering the above mentioned points, the variation in species richness and floristic heterogeneity found among the forests studied here significantly imposes selectivity by the most limiting characteristics in the wetlands when compared to non-flooded forest areas.
The highest levels of organic matter in poorly drained areas also suggest a prominent role in plant distribution in this environment. Even mounds and small vegetation islands on piles of plant debris appear to be favorable microenvironments for the development of certain species over others, in such a way that the organic matter has been correlated with the distribution of vegetation types and abundance of species in different coastal environments subject to flooding (Budke et al. 2007 , Munhoz et al. 2008 .
In spite of higher organic matter content and higher fertility, environmental conditions in flooded areas are very limiting to the establishment of species in this forest floodplain, in function of the low oxygen availability combined with higher salt concentration.
The negative correlation between richness and soil fertility and positive correlation between richness and drainage suggest that since the Floodplain Forests have flooded soils with higher fertility, floodtolerant species would be more competitive, resulting in higher abundance of species, with ecological dominance and lower richness. This condition is similar to one found in monodominant forests of Vochysia divergens in the Pantanal wetlands of Brazil, where values for this species greatly increase with flooding, accompanied by a decrease in species richness (Arieira and Cunha 2006) . In this regard, Nascimento and Villela (2006) reported an increased dominance of Peltogyne gracilipes related to increasing magnesium in the soil, thus excluding other species through competition. According to Scarano (2002) , this high dominance of a few species can be considered typical of extreme environments.
In floodplain forests, the species Bactris setosa, Alchornea triplinervia, Calophyllum brasiliense, Sapium glandulatum, Geonoma schottiana, Symphonia globulifera, Nectandra oppositifolia and Myrcia brasiliensis are generally the most common (Araujo et al. 1998 , Sztutman and Rodrigues 2002 , Dorneles and Waechter 2004 , Menezes-Silva and Britez 2005 , Menezes and Araujo 2005 , Guedes et al. 2006 , Carvalho et al. 2006 , Martins et al. 2008 . Less frequent, but also present in studies of floodplain forests are Sloanea guianensis, Alibertia myrciifolia, Qualea cryptantha, Myrcia racemosa and Cyathea phalerata (Behar and Viégas 1992 , Galvão et al. 2002 , Goldenberg 2004 , Guedes et al. 2006 , Sacramento et al. 2007 , Martins et al. 2008 .
The species present in the Well-drained and Transition Forests are mentioned as being common in similar environments in studies elsewhere (Assis et al. 2004 , Fabris and César 1996 , Araujo et al. 1998 The results for the Restinga forests of Jacarenema corroborate those proposed for Riparian forests, which are marked by high plant-species richness (Rodrigues and Nave 2004), accompanied by a significant gradient of soil and drainage (Jacomine 2004).
We found that changes in the floristic composition, richness and species abundance that make up the different forest types form, together with soil and drainage variation, form a complex and heterogeneous enviroment that is characteristic of tropical floodplain/riverine forests.
Thus, we can infer that in the Restinga forests the amounts of aluminum, sodium, and organic matter, as well as soil acidity and flooding regime are the most important determining factors controlling plant richness. Flooding seems to be a more limiting factor for the establishment of plant species than soil fertility attributes.
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